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SYSTEM OPTIMIZATION FOR MICRON AND SUB-MICRON PARTICLE 






This dissertation describes an approach and a model for the analysis of critical 
parameters related to the optical and electronic components of spectroscopy systems. The 
model described herein enables a systematic study of the impact of these parameters on 
the total performance of the system; therefore, it is a tool for the design and optimization 
of spectrometers. 
Although the physics of the optical and electronic components in spectroscopy 
systems are known and well established, the systemic approach to the understanding of 
their interactions is recent and it is an area of active research. The results from this study 
are at several levels: from an engineering perspective, the method developed based on an 
integrated spectroscopy model enables not only the study of the interactions between the 
components of the spectrometer, but also the design and optimization of spectrometers 
for specific applications. From the signal analysis point of view, the understanding of the 
 xiii 
interactions between components enables a better identification and filtering of the noise.  
From the applications point of view, the resulting integrated model enables the translation 
of data between different spectrometer systems through appropriate compensation 
algorithms. 
The approach followed in this dissertation is based on the integration of the 
models of each one of the components of a spectro-photometer: slit, grating, collimating 
elements, photo-detectors and analog-to-digital converters. An important contribution of 
this research has been the simplification of the diffraction grating model. The 
simplification of the diffraction grating model enables the implementation of a general 
spectrometer model with two important characteristics: first, it facilitates the analysis of 
the effect of the parameters of the spectrometer on the spectra readings; second, it allows 
a computational efficient simulation of the complete model of the spectrometer. 
The simplified spectrometer model presented in this dissertation predicts the 
instrumental effects detected in observed spectra. The results obtained with the model are 
validated against measured spectra of polystyrene particles suspended in de-ionized 
water. It is demonstrated that the integrated spectrometer model is capable of 









Analyzing a spectrometer from systemic approach implies identifying its most 
important components, modeling each one of these components, and integrating these 
models into a general system. The fundamental elements of a spectrometer are: a light 
entrance slit, a diffraction element, and a device to measure the intensity of the diffracted 
light. A spectrometer has to be designed for a specific set of spectroscopy requirements 
considering the kind of particles in suspension that has to be analyzed. These 
requirements are defined by the wavelength range of the spectra used for the analysis, 
and the ability to distinguish a feature associated to a specific wavelength. This ability to 
discern a feature is related to the optical resolution of a spectrometer; and, the wavelength 
range is related to the nature of the light source used for the spectral analysis, which can 
be VIS (visible) light, UV (ultra-violet) light, UV-VIS light, or IR (infra-red) light. When 
the requirements cannot be fulfilled due to the physical limitations of the fundamental 
elements, additional optical elements (i.e. lens, mirrors, and filters) are required to 
collimate the light. 
An important contribution of this research is to state a systemic approach to 
analyze the critical parameters related to the optical and electronic components of 
 2 
spectroscopy systems, and to study the impact of these parameters in the total 
performance of the system. Although the physics of the optical and electronic 
components in spectroscopy systems are known and well established, the application of a 
systemic approach to the understanding of their interactions is recent [1, 2] and it is an 
area of active research [3]. The spectra shown in Figure 1.1 1 (in page 3) depict the 
differences between the readings obtained using two different spectrometers; the curves 
shown in that figure are the observed spectra of 1.3 microns mono-disperse polystyrene 
particles suspended in de-ionized water; the concentration of particles used for the sample 
is 1:100 in volume units. Figure 1.1 shows both the spectrum obtained using a 
spectrometer Ocean Optics HR2000 and the spectrum obtained with a spectrometer 
Agilent 8453. 
As result of this research, software has been developed based on an integrated 
spectroscopy model. This software enables not only the study of the interactions between 
the components of the spectrometer, but also the design and optimization of spectrometry 
systems for specific applications. A clear understanding of the interactions between 
components facilitates the identification and filtering of the noise inherent to the system. 
Other important contribution of this research is algorithm that determines the 
instrumental effects of a given spectrometer. This algorithm accounts for the apparently 
spurious peaks remarkably present in some observed spectra; such peaks are often 
attributed to the light source. 
                                                          
1
  The results presented in this dissertation are related to measurements of extinction of light, but the scale 
of Optical Density in absorbance units allows a better perception of some features commonly seen in 
spectroscopy. Chapter two provides further explanation about the optical density units. 
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Figure 1.1: Observed Spectra of 1.3 Micron Polystyrene Particles Suspended in De-
Ionized Water – Spectrometers Agilent 8453 and Ocean Optics HR2000 
 
The spectrum of a given sample of particles in suspension is affected by two 
physical phenomena: the instrument used to acquire the spectra, and the optical properties 
of the suspended particles that are being analyzed [4]. Having the ability to determine the 
instrumental effects of a given spectrometer has a sensitive impact on the spectroscopy 
related areas because new technologies on the development of spectroscopy systems are 
aimed to the reduction of size and cost of this kind of instruments [5]. Smaller and 
cheaper instruments are limited in their accuracy and applications; but having the ability 
to remove instrumental effects lead to increase the possibilities for applications of 




1.2. Overview of Chapters 
The contents of the chapters of this dissertation can be summarized as follows. 
Chapter two describes the materials and methods used to validate the model described in 
chapters three and four. The results obtained with the model are validated against 
measured spectra of polystyrene particles suspended in de-ionized water. The selection of 
suspended particles for validation is based on the fact that particles in suspension 
accentuate the optical effects of the spectrometer components on the observed spectra; 
and, the use of well-characterized standards facilitates the identification of these effects. 
Three commercial UV-VIS spectrophotometers were used to measure the spectra of the 
mixtures: Agilent 8453, Ocean Optics HR2000, Ocean Optics USB2000, and a Perkin-
Elmer Lambda 900. 
Chapter three describes a general model of a spectroscopy system. Each one of 
the fundamental elements required to build a spectrometer is discussed: slit, diffraction 
grating, photodetector array, and collimating elements. Chapter four describes the 
simplification of the general model of a spectrometer. The first simplification considers 
the waveguide concave mirrors as gain functions; this reduces the number of variables 
required for the analysis. The second simplification deals with the grating model and the 
fact that when the number of grating grooves is large, a pulse train can approximate the 
Dirichlet function used to model the grating. 
Chapter five discusses the computational implementation and requirements for the 
simulation of the spectroscopy model. Chapter six deals with the application of the 
simulation developed in chapter five to study the effects of miniaturization on 
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spectroscopy systems; this study focuses on the analysis of the interaction of the light-
source peaks and the grating; this study explains how this interaction affects the observed 
absorption spectra of the particles. 
Chapter seven describes a linearization methodology for modeling the 
instrumental effects, and it also presents an algorithm for compensating such effects. 
Chapter eight presents the conclusions, contributions, recommendations and future work 






2. MATERIALS, METHODS AND EXPERIMENTAL RESULTS 
 
As stated in chapter one, a spectrometer has to be designed for a specific set of 
spectroscopy requirements considering the kind of particles in suspension that has to be 
analyzed. The results obtained with the model described in chapters three and four are 
validated against measured spectra of polystyrene particles suspended in de-ionized 
water. The selection of suspended particles for validation is based on the fact that 
particles in suspension accentuate the optical effects of the spectrometer components on 
the observed spectra; and, the use of well-characterized standards facilitates the 
identification of these effects. Four different spectrometers were used to obtain the 
experimental results: an Ocean Optics HR2000, an Ocean Optics USB2000, an Agilent 
8453, and Perkin-Elmer Lambda 900. Section 2.1 overviews these spectrometers. Section 
2.2 describes the theoretical expected spectra of some mono-disperse polystyrene 
particles. Section 2.3 discusses and compares the result obtained with each one of the 
spectrometers when measuring the spectra of 1.3 micron mono-disperse polystyrene 
particles in de-ionized water. 
The description of spectra of particles in suspension usually requires two 
measurements: transmission and scattering. Scattering occurs when light interacts with a 
particle; after the interaction, scattering measurements indicate how much of the light 
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leave the particle at any direction. Transmission measurements, on the other hand, 
indicate how much of the light leaves the particle in the forward direction. 
Transmission measurements do not discriminate between the light absorbed by 
the particle and the light scattered-forward by the particle; it provides a total result of the 
interaction of this two factors. In order to separate the measurements of forward 
scattering and absorption, two measurements have been used in literature: turbidity or 
optical depth, and optical density. Turbidity has been usually applied to describe the 
attenuation caused by forward scattering; and, optical density has been usually applied to 
describe the attenuation caused by absorption. 
As suggested in [6], two assumptions can be made in order to clarify the notation 
used in this dissertation: first, turbidity measures the total attenuation caused by forward-
scattering and absorption; second, turbidity will be measured in absorption units per path 
length, which are the units used to describe optical density. 
 
2.1. Overview of Spectrometers Used for Obtaining the Experimental Results 
The experimental spectra presented in section 2.3 and used through this 
dissertation have been obtained with four UV-VIS spectrophotometers: an Ocean Optics 
HR2000, an Ocean Optics USB2000, an Agilent 8453, and a Perkin-Elmer Lambda 900. 
The Ocean Optics spectrometers use flat blazed diffraction grating. These 
spectrometers are equipped with photo-detector arrays with 2048 elements. Some 
elements2 of these spectrometers can be customized: the slit size, the collimating 
                                                          
2
 Further explanation about the fundamental elements of a spectrometer is presented in Chapter Three. 
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elements, and the number of grating groove elements per millimeter. Some characteristics 
of the optical bench of these spectrometers cannot be customized: the distance between 
the slit and the grating, and the distance between the grating and the photo-detector array. 
The wavelength range of these spectrometers depends on the customization, but it is 
usually between 200 nanometers and 1100 nanometers [7, 8]. An important fact is that 
the Ocean Optics’ spectrophotometers are portable and inexpensive when compared to 
the Agilent 8453 or Perkin-Elmer Lambda 900. 
The Agilent 8453 uses a concave holographic grating and a photo-detector array 
that has 1024 elements. The wavelength range of this spectrometer is from 190 
nanometers to 1100 nanometers. This spectrometer is equipped with slit width of 1 
nanometer [9]. 
The Perkin-Elmer Lambda 900 is a double-beam and double-monochromator 
UV/VIS/NIR spectrophotometer based on holographic gratings. The wavelength range of 
this spectrometer is from 175 nanometers to 3300 nanometers [10]. 
 
2.2. Theoretical Expected Spectra of Mono-Disperse Polystyrene Particles 
The theoretical expected spectra used herein has been generated using a software 
implementation of the model proposed in [11]. This model is based on the assumption 
that the light extinction caused by spherical particles can be described using Mie theory3. 
This theory has no restrictions in regard of the size of the particles and the values of the 
refractive index. Particles whose size is in the range from 0.5 micron to 10 micron 
                                                          
3
 Appendix A describes the fundamentals of Mie theory. 
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usually forward scatter light; turbidity measurements applied to this kind of particles will 
count for both: attenuation due to absorption and scattered light. 
Figure 2.1 shows the theoretical expected spectra of some samples of mono-
disperse polystyrene particles. In the ideal case, in a sample containing mono-disperse 
particles of a given size, each one of the particles should be of the same size. In an 
experimental situation, an average size and an interval bounding4 describe a sample of 
mono-disperse particles. Usually, the size and the interval describe 99% of the particles 
in the sample. 























700 nm  
1.3 µm
2 µm  
 
Figure 2.1: Theoretical Spectra of Samples Mono-Disperse Polystyrene Particles 
 
2.3. Experimental Spectra of Mono-Disperse Polystyrene Particles 
Different concentrations of mono-disperse 1.3 micron polystyrene particles 
generate the same spectral pattern, but, with the amplitude being proportional to the 
                                                          
4
 For example in a sample of mono-disperse particles described by 700 nanometers ± 0.5%, the average 
size of the particles is 700 nanometers and the size of 99% of the particles is in the interval from 696.5 
nanometers to 703.5 nanometers. 
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concentration. Three important differences are noticeable in the curves shown in Figure 
2.2; first, the spectra obtained with the Ocean Optics HR2000 spectrophotometer contains 
peaks 5 that are not present in the spectra obtained with the Agilent spectrophotometer; 
second, the values of the spectra obtained with the Agilent spectrophotometer are slightly 
smaller than the values obtained with the HR2000 for the same suspension; and, third, at 
short wavelengths (wavelength < 230 nanometers), the differences between the spectra 
are accentuated. 




























































Figure 2.2: Spectra of Different Concentrations of Samples of 1.3 Micron Mono-Disperse 
Polystyrene Particles Suspended in De-Ionized Water – Spectrometers Ocean Optics 
HR2000 and Agilent 8453 
 
Figure 2.3 shows the spectra obtained with the Agilent 8453 and Ocean Optics 
USB2000. Figure 2.4 shows the spectra obtained with the Ocean Optics USB2000 and 
the Ocean Optics HR2000. Figure 2.5 shows the spectra obtained with the Agilent 8453 
and the Perkin-Elmer Lambda 900. 
                                                          
5
































































Figure 2.3: Spectra of Different Concentrations of Samples of 1.3 Micron Mono-Disperse 
Polystyrene Particles Suspended in De-Ionized Water – Spectrometers Ocean Optics 
USB2000 and Agilent 8453 
 
 
Figure 2.4: Spectra of Different Concentrations of Samples of 1.3 Micron Mono-Disperse 
Polystyrene Particles Suspended in De-Ionized Water – Spectrometers Ocean Optics 
USB2000 and Ocean Optics HR2000  
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Agilent, 1:175     
Perkin-Elmer, 1:175
Agilent, 1:250     
Perkin-Elmer, 1:250
 
Figure 2.5: Spectra of Different Concentrations of Samples of 1.3 Micron Mono-Disperse 
Polystyrene Particles Suspended in De-Ionized Water – Spectrometers Agilent 8453 and 
Perkin Elmer Lambda 900 
 
Figure 2.6 shows the theoretical spectrum of 2 micron mono-disperse polystyrene 
(1:50) particles compared to the spectrum obtained with the Agilent 8453 
spectrophotometer. The spectra obtained with the spectrophotometer have undulations 
and peaks that are not present in the theoretical spectra, and there is a difference between 
the wavelength location of the theoretical spectrum and the experimental spectrum. 
Therefore, the data should be analyzed having in account the spectrometer configuration 
and the optical effects of the particles. 
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Agilent    
Theoretical
 
Figure 2.6: Spectra of 2 Micron Polystyrene Particles Suspended in De-Ionized Water – 
Theoretical Spectrum and Spectrum Observed with the Spectrometer Agilent 8453 
 
The particle sizes and suspension concentrations used to obtain the validation 
spectra are summarized in Table 2.1. The measured and theoretical spectra for all the 
particles suspensions are presented in Appendix B. 
 
Table 2.1: De-Ionized Water Dilution for Each Polystyrene Particle Size 
1 ml of Polystyrene particles is diluted in Di water with a proportion of: Polystyrene 
Particle Size 1:2 1:3 1:5 1:10 1:25 1:50 1:75 1:100 1:175 1:250 1:500 1:1000 
40    nm      X  X   X X 
150    nm           X X 
500    nm           X X 
700    nm          X X X 
1    µm          X X  
1.3 µm        X X X   
2    µm      X X X     
4    µm    X X X       
 9    µm   X X         






3. THE SPECTROMETER MODEL 
 
As indicated in chapter one, analyzing a spectrometer from systemic approach 
implies identifying its most important components, modeling each one of these 
components, and integrating these models into a general system. This chapter describes a 
general model of a spectrometer, analyzes each one of its elements, and describes and 
analyzes the noise inherent to these elements. The elements analyzed here are: slit, 
collimating elements, diffraction grating, photo-detector array and analog-to-digital 
converter. Section 3.1 overviews the spectrometer model. Section 3.2 presents the model 
of the Fraunhofer diffraction pattern generated by a slit; this pattern depends on the slit 
width and the wavelength of the light passing through the slit. Two types of collimating 
elements are discussed in section 3.3: converging lens and concave mirrors. Section 3.4 
presents the model of the diffraction generated by a blazed grating; this type of grating 
can be described with four parameters: the number of grating-grooves per millimeter, the 
total number of grooves, the width of the reflecting part of each groove, and the angle 
between the reflecting part and the grating normal. Section 3.5 describes the model of a 
general photo-detector array; this model indicates that the transduction function of the 
photo-detector is not linear and that the photo-detector response depends on the 
wavelength of the incident light. 
 15 
3.1. General Model of a Spectroscopy System 
The general structure of a diffraction grating based spectrometer can be described 
as per Figure 3.1. 
 
Figure 3.1: General Structure of a Diffraction Grating Spectrometer 
 
The interaction between the elements indicated in Figure 3.1 can be described as 
follows: 
• The light enters to the spectrometer through the Slit, indicated with 
number (1) in Figure 3.1. A collimating lens and a filter usually 
accompany the slit entrance. A SMA (Sub-Miniature version A) connector 
is required if the light is transported to the slit entrance via fiber optics. 
• The light from the slit is collimated using a concave mirror that projects 
the light into the grating. This concave mirror is denoted with number (2) 
in Figure 3.1. 
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• The grating element diffracts the light collimated by the concave mirror. 
The grating is marked with number (3) in Figure 3.1. 
• A focusing concave mirror, numbered (4) in Figure 3.1, receives the light 
diffracted by the grating. This mirror projects the light into the photo-
detector array. 
• Each element of the photo-detector array transduces the received light into 
electrical current. The electrical current is transduced into a discrete 
numerical representation by an analog-to-digital converter. The discrete 
data are sent to a computer for further processing. The photo-detector 
array is indicated with number (5) in Figure 3.1. 
 
3.2. Slit 
The effect of the slit over the light passing through it is depicted by Figure 3.2. 
The slit diffracts the light and this effect can be described by equation 3.1 [1, 4, 12]: 

























λ pi  , (3.2) 
) (λinputL  is the spectrum of the input light intensity, 
a  is the slit size, 
λ  is the light wavelength that is being analyzed, 
 17 
z  is the distance from the slit output to the surface is being where the light is 
being dispersed, 
And s , as per Figure 3.2, is the variable indicating the reference axis for 
measuring the dispersion of the light. 
Equations (3.1) and (3.2) can also be represented as follows: 
( )2/2/for   ) (),(),( pipiθλλθλθ +∈⋅= ,-LGL inputslitoutput  (3.3) 
Where: 
























Gslit  (3.4) 











ArcSineθ  (3.5) 
 
Figure 3.2: Diffraction Effect Caused by a Slit 
 
3.3. Collimating Elements 
The collimating lens attached to the slit is a converging lens, and this lens is 
meant to reduce the diffraction angle of the light diffracted by the slit. There are three 
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possible cases for the position of the slit relative to the focal point of the lens. For the 
case shown in Figure 3.3, when the light rays travel through the focal point before 
reaching the lens, they will exit the lens traveling parallel to the principal axis of the lens. 
When the incident light rays travel through a point that is slightly beyond the focal point 
of the lens, i.e. p1 in Figure 3.3, they will exit the lens traveling toward the principal axis 
of the lens. When the incident light rays travel through a point near to the focal point and 
between the focal point and the lens, i.e. p2 in Figure 3.3, they will exit the lens traveling 
away of the principal axis of the lens. 
 
Figure 3.3: Collimating Effect Caused by a Converging Lens 
 
The effect of the collimating mirrors, indicated with numbers (2) and (4) in Figure 
3.1, is depicted in Figure 3.4. The incident rays traveling parallel to the principal axis on 
the way to the mirror will pass through the focal point after reflection. When the incident 
rays come from a direction that points away of the principal axis of the mirror, the 















Figure 3.4: Collimating Effect Caused by a Concave Mirror 
 
 
3.4. Diffraction Grating 
The grating, indicated with number (3) in Figure 3.1, can be modeled as per the 






























































pi ,  (3.8) 
),'( λsLincident  describes the intensity of the incident light on the grating surface. 
 
The parameters used in the grating model are: 
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• λ  is the wavelength that is being analyzed 
• s  is the variable indicating the reference axis over the surface where the 
diffracted light hit 
• 's  is the variable indicating the reference axis perpendicular to the 
direction of the light incidence angle α 
• m is the diffraction order 
• d is the groove spacing 
• w is usually equal to 0.9d 
• l is the total number of grating grooves 
• α is the light incidence angle 
• zg is the distance between the grating and the surface hit by the diffracted 
light 
• C is the slope angle of the grating groove reflective surface 
 




























The Dirichlet or Periodic Sinus Cardinalis function used for the grating model is 






















Figure 3.5 illustrates the model defined by equations (3.6) to (3.10). 
 
Figure 3.5: Effect of the Diffraction Grating 
 
3.5. Photo-Detector Array and Analog-to-Digital-Converter 
The photo-detector array, indicated with number (5) in Figure 3.1, can be 
modeled by the following equations [1]: 





ddsGsLkC   (3.11) 
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λsL incidentph  represents the intensity of  the light of wavelength λ   incident at 
the point s of the photodetector array surface, 
)(λphG  represents the photodetector spectral response for the wavelength λ , 
N is the number of detectors in the photodetector array, 
s indicates the reference axis over the photodetector array surface, 
∆s is the leght of each photodetector, 
γ  indicates the photodetector non-linearity and 97.0>γ , 
And, )(
_
kC outputph∆  is the noise, which is Gaussian and is a function of 
)(
_
kC outputph  
The photo-detector response function, )(λphG , depends on the properties of the 




Figure 3.6: Spectral Response of Some Commercial Photo-Detector Arrays 
 
The Analog-to-Digital quantization process is performed as per the following 


















 ofpart Integer )}({ _
_
 (3.12) 
For k = 1, ... , N 
 
3.6. Noise Analysis and Description 
The spectrum of a sample is affected by three important factors: the light source 
characteristics, the photo-detector array properties, and the sample itself. 
The particles contained in the sample are affected by gravity and their own 
chemical properties; given these factors, the particles tend to stick together and to 
precipitate to the bottom of the sample-holder. In order to avoid this phenomenon the 
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sample has to be stirred and its spectrum has to be measured when the particles are 
homogeneously distributed. 
The total noise generated by the light source and photodetector effects can be 
modeled as a random variable with normal distribution and its variance can be calculated 
from a set of spectra samples [1]. The noise depends on the measured intensity. For 
example, for a set of spectra measured with the Ocean Optics HR2000 with tungsten 
light-source, the variance of the noise is related to the intensity by the following equation: 
 
  0.90851)(0.86949))(( 1010 −⋅= IntensityLogIntensityVarLog   (3.13) 
Equation 3.13 can be written as follows: 
 0.12345)( 0.86949IntensityIntensityVar ⋅=   (3.14) 
 
Figure 3.7 illustrates equation (3.13), the thick line remarks the equation, and the 
thin lines describe the upper and lower limits containing the 95% of the analyzed data. 
Figure 3.8 illustrates equation (3.14). 
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Logarithmic Analysis of the Variance of Intensity
 
Figure 3.7: Log10 of (Variance of Intensity) vs. Log10 of (Intensity) 
 
























Analysis of the Variance of Intensity
 
Figure 3.8: Variance of Intensity vs. Intensity 
 
Figure 3.9 shows the histogram of the distribution of the light intensity around the 
mean and normalized to the standard deviation. 
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Figure 3.9: Probability Density Function of the Light Intensity Measurement 
 
The curves shown in Figure 3.7, Figure 3.8 and Figure 3.9 were made with signals 
obtained configuring the spectrometer to take one spectrum every time. The Central 
Limit Theorem indicates [15] that the variance is reduced as the sample size is increased. 
The following equation explains the relation: 
Let X be a random variable with mean m and variance 2σ  
Let Y be a random variable defined as: 






   of Variance σ==   (3.15) 
Figure 3.10 illustrates this relation. 
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Variance versus number of data averaged






Figure 3.10: Relation between Variance and Number of Samples Averaged 
 
The noise described in this section is caused by the interaction of a set of noise 
sources that can be individually described as follows [4, 16, 17]: 
• The number of photons per time-interval received by the photo-detector 
behaves in a stochastic manner that can be described using statistical 
models. The presence of these random variations in the measured signals 
is known as photon noise. 
• Electrical resistance is inherent to electrical detectors. The effect of the 
thermal fluctuations of electrons in a resistance is known as Johnson 
Noise. 
• Defect states at surfaces and interfaces at contacts lead the tangling and re-
emission of carriers. The noise related to this phenomenon is named 
flicker or 1/f noise. 
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• The noise associated with the creation and annihilation of electron-hole 
pairs across the band gap is called generation-recombination noise. 
• Even on the absence of light, electrons are created inside the detector; the 
signal generated as the photodiode counts these electrons is named dark 
current noise. Dark current is generated by crystal defects and 
imperfections, impurities in the depletion region, and diffusion of carriers 
out of the high-resistivity sidewalls of the depletion region. Dark current is 






4. SIMPLIFICATION OF THE SPECTROMETER MODEL 
 
Chapter three overviews the spectrometer model and details each one of the 
model elements. This chapter describes an approach to simplify the spectrometer model. 
This approach can be divided in two parts. The first part deals with the reduction of the 
number of elements of the model. The second part deals with the simplification of the 
grating model and the integration of this simplified version into the total system. Section 
4.1 describes the process of reducing the number elements of the spectrometer model; 
this reduction is based on the assumption that the effect of the collimating elements can 
be neglected under certain conditions; this section also describes the interaction between 
the elements of the simplified model. Section 4.2 describes the simplification of the 
diffraction grating model; this simplification is based on an approximation of the 
Dirichlet function. 
 
4.1. Simplification of the Spectrophotometer Model 
The model presented in chapter two has three elements whose main function is to 
keep the light rays aligned to the principal axis of the optical elements of the 
spectrophotometer. These three elements are: the lens attached to the slit, the concave 
mirror that reflects the light coming from the slit, and the concave mirror that reflects the 
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diffracted light coming from the grating. The effect of these elements can be neglected 
when two conditions are verified: first, the slit aperture is placed in front of the 
diffraction grating; and, second, the photo-detector array is placed in front of the 
diffraction grating normal to the direction of the refraction of the mean of the 
wavelengths incident to the grating. Figure 4.1 shows the simplified spectrophotometer 
model. 
 
Figure 4.1: Simplified Model of a Spectrophotometer 
 
In Figure 4.1, z1 represents the distance between the slit and the grating, and z2 
represents the distance between the grating and the photo-detector array. Figure 4.2 
details the interaction between the optical elements, and the equations in subsections 
4.1.1 through 4.1.3 describe the details. 
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Figure 4.2: Effect of the Diffraction Grating Integrated to the Simplified Model 
 
4.1.1. Slit 
As indicated in section 3.2, the slit diffracts the light. When the 
spectrophotometer model is simplified as shown in Figure 4.1, the light diffracted by the 
slit reaches the diffraction grating. The slit output curves shown in Figure 4.2 depict the 
shape of the intensity of then output of a light beam as it leaves the slit; a detailed 
description of the slit output curved is represented by equation 4.1 and subsequent 
equations [1, 4, 12]: 






























λ pi  , (4.2) 
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The function ) (λinputL  denotes the spectrum of the input light intensity, 
The variable a  represents the slit size, 
The variable λ  indicates the light’s wavelength that is being analyzed, 
The variable 1z  represents the distance from the slit output to the grating’s surface, 
And 's  is the variable indicating the reference axis over the grating’s surface. 
 
4.1.2. Grating 
The light diffracted by the slit reaches a blazed grating. The blazed grating 
diffracts the light again with a diffraction angle that depends on the wavelength of the 
incident beam. The intensity of the light leaving the grating is also affected and this effect 
can be described as the result of a convolution between the incident beam and the grating 




























































pi ,  (4.5) 
)(λβ  represents the diffraction angle and )(s,λGgrating  represents the grating 
function. The parameters used in the grating model are: 
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• The variable λ  represents the wavelength of the incident beam that is 
being analyzed 
• s  is the variable indicating the reference axis over the surface of the 
photo-detector array 
• m is the variable indicating the diffraction order 
• The variable d indicates the groove spacing 
• The variable w indicates the size of the reflective surface and is usually 
equal to 0.9d, 
• The variable l represents the total number of grating grooves 
• The variable α indicates the angle of the incident beam 
• z2 is the variable representing the distance between the grating and the 
photo-detector array 
• The variable C is the angle of the slope of the reflective surface of each 
groove in the grating 
 
4.1.3. Photo-Detector Array and Analog-to-Digital-Converter 
As indicated by Figure 4.1 and Figure 4.2, the light diffracted by the grating 
reaches a photo-detector array. The photo-detector array is coupled to an analog-to-
digital-converter. The light received by each element of the photo-detector array is 
transduced into electric voltage; this voltage is taken by the analog-to-digital-converter 
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and it transduced into a numeric representation useful for computational purposes. The 





















  (4.6) 




kC outputph  is the output current of the k
th
 photo-detector 
• )(λphG  represents the photo-detector spectral response for each 
wavelength λ  
• N is the number of detectors in the photo-detector array 
• ∆s is the leght of each photo-detector 
• γ  indicates the photo-detector non-linearity and 97.0>γ  
• )(
_
kC outputph∆  is the noise, which is Gaussian [1], as indicated in section 
3.6, and is a function of )(
_
kC outputph  
• The photo-detector response function, )(λphG , depends on the properties 






The Analog-to-Digital quantization process is described by the following equation 
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 (4.7) 
For k = 1, ... , N 
 
4.2. Simplification of the Grating Model 






⋅−= ∫ λλλ λ
  (4.8) 
Where: 
)]()([ min2 λβλβλ −−= zss   (4.9) 
 )]()([ min2 λβλβλ −+= zss   (4.10) 














































pi   (4.12) 
The convolution function is defined as: 
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ττττττ dtfgdtgfgf )()()()( −⋅=−⋅≡∗ ∫∫   (4.13) 
Then: 
)]]()([)],()([[for 
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Then )(























































  (4.16) 
Equation 4.16 has values different to zero only when: 
k




































= 5.0ofpart integer dn   (4.19) 
Then: 
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nnnnk ,1,...,1, −+−−=  (4.20) 
Using equations 4.16 through 4.20, )(
_ λλ sGgrating  can be expressed in a discrete 










)( pi   (4.21) 
Equation 4.21 greatly simplifies the modeling of gratings and facilitates the 
computational simulation of the model of a spectrophotometer. Applying the definition of 






−⋅= ∫ λλλ λ
  (4.22) 
Where: 
maxs  is the photo-detector array’s length, 
And, 
)]()([ min2 λβλβλ −−= zss    

























































  (4.23) 
Where: 
'ss ∆=∆   (4.24) 
And, 
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arraytor photodetec  theof elements ofNumber 
arraytor photodetec  theofLength 






5. COMPUTATIONAL IMPLEMENTATION OF THE SPECTROMETER 
MODEL 
 
This chapter deals with the computational implementation of the model described 
in chapter four. The model in chapter four has to be solved in two steps: first, calculating 
the diffraction generated by the grating for each wavelength using equation 4.23; and, 
second, calculating the output of the photo-detector array using a numerical 
implementation of the integral represented by equation 4.6. Section 5.1 describes a 
representation of the spectrometer model using discrete variables; this section describes 
the application of a two-dimensional numerical integration algorithm based on Newton-
Cotes rules; the integration along the wavelength axis is implemented using the Euler's 
rule, and the integration along the photo-detector array axis is implemented using the 
Boole's rule. Section 5.2 discuss a computational implementation of the discrete model 
presented in section 5.1; this discussion includes a description of the matrices, arrays and 
scalars used for the implementation, an explanation on the implementation algorithm, 





5.1. Representation of the Spectrometer Model Using Discrete Variables 
Equation 5.1 represents the photo-detector array model [1]: 





ddsGsLkC  (5.1) 
                      )(
_
kC outputph∆+      For k = 1, ... , N 
Where, N is the number of elements of the photo-detector array. 
Let )(ksph  represent the position of the center of the kth photo-detector: 
)()( 21−⋅∆= ksksph   (5.2) 
The diffraction angle for each wavelength is described by equation 5.3, and the 















ArcCos   (5.3) 
 )]()([ min2 λβλβλ −+= zss   (5.4) 
Then, from equations 5.2, 5.3 and 5.4 with s = sk and sλ=0: 


























  (5.7) 
Then, from equations 5.6 and 5.7, let )(kphλ  represent the mean value of the 
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Let )(lwavλ  be defined as follows: 
)()( 21min −⋅∆+= llwav λλλ  (5.9) 
For l = 1, …, M 
Where: 
M is the number of wavelengths to be analyzed, 
M/)( minmax λλλ −=∆ , 
λ
 max is the maximum wavelength to be analyzed 
Equation 5.1 can be approximated using numerical integration techniques [18]. 
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The )(λphG  function depends on the properties of the photo-detector.  
Equation 5.11 implements a more accurate numerical integration based on 
Newton-Cotes rules [18]. This implementation uses an Euler’s rule for the integration of 
λd  component in equation 4.6 in chapter four. The integration of the ds component in 
equation 4.6 in chapter four is implemented using 5-point Newton-Cotes rule, also known 
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Where: 
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And, 
))(),14(([
,14 liksLf wavphdiffractedlik λ+−=+−  (5.13) 
                        2,1,0,1,2for   ,))](( −−=λ⋅ γ ilG wavph  
 
5.2. Computational Implementation 
The computational implementation of the system modeled by equations 5.11 
through 5.13 can be approached as follows: 
• N is the number of elements of the photo-detector array. 
• Nph is the number of points on the photo-detector array’s surface. 
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• M is the number of wavelengths used for the simulation. 
• W is an array containing the wavelengths used for the simulation, the size of 
W is 1 x M and its values are calculated as per equation 5.9. 
• S is an array containing the position of points on the surface of the photo-
detector, the size of S is 1 x Nph and its values are calculated as per equation 
5.2. 
• Gph is an array containing the spectral response of the photo-detector array, 
the size of Gph is 1 x M and its values are taken from tabulations of 
characteristics of the photo-detector array. 
• Linput is an array containing the spectrum of the input light, the size of Linput 
is 1 x M. 
• Ldiffracted is a matrix calculated using equation 4.23 in chapter four, the size 
of Ldiffracted is Nph x M. 
• Cphout is an array containing the photo-detector array output calculated as per 
equation 5.11, the size of Cphout is 1 x N. The noise associated to this output 
can be estimated as per equations 3.14 or 3.15 in chapter three. 
• Wout is an array containing the wavelengths represented by each element of 
the photo-detector array, the size of Wout is 1 x N and its values are 
calculated as per equation 5.8. 
 





6.  EFFECTS OF MINIATURIZATION IN SPECTROSCOPY SYSTEMS 
 
As stated in chapter one, the software developed as result of this research enables 
not only the study of the interactions between the components of the spectrometer, but 
also the design and optimization of spectrometry systems for specific applications. 
Chapter five discuss a software implementation of the model presented in chapter four. 
This chapter describes an approach for analyzing and designing the fundamental features 
of the optical bench of a spectrometer; this approach is based on the computational tools 
developed in chapter five. Section 6.1 describes the optical configuration used for the 
simulations presented through this chapter; the optical configuration is described setting 
the slit width, the distance from the slit to the grating, the number of grating grooves per 
millimeter, the size of each reflecting surface of the grating, the angle between each 
reflecting surface normal and the grating normal, the distance front the grating to the 
photo-detector array, the photo-detector array length, and the number of elements of the 
photo-detector array. Section 6.2 presents an overview of the effects caused by the optical 
components of the spectrometer. Section 6.3 discusses the effect cause by the slit size. 
Section 6.4 discusses the effect caused by the distance between the slit and the grating. 
The effect caused by the distance between the grating and the photo-detector array is 
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discussed in section 6.5. Section 6.6 discusses the effect caused by the grating 
configuration. 
 
6.1. Optical and Electronic Configuration 
The optical and electronic configuration used for the simulations presented in this 
chapter is the following: 
• Slit width: a = 100 microns 
• Angle of the light incident into the grating: (5/360)* 2*pi radians 
• Distance from the slit to the grating: z1 = 3.75 centimeters 
• Grating configuration: 
• d = 1/300 millimeters 
• w = 0.9·d  
• C = (15/200)*pi radians 
• Distance from the grating to the photo-detector array: z2 = 2.5 centimeters 
• Wavelength range: from 200 nanometers to 900 nanometers 
• Photo-detector array length: smax = 2.54 centimeters 
• The Number of elements of the photo-detector array is 1024, and, )(λphG , the 
theoretical expected spectral response6 of the photo-detectors is presented in 
Figure 6.1 [19] 
                                                          
6
 This theoretical spectral response was obtained from the technical information for the photodiode array 
Hamamatsu S3903-1024Q. 
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Figure 6.1: Theoretical Spectral Response of the Photodiodes Used for the Simulations 
Presented in Chapter Six 
 
6.2. Overview of the Effects Caused by the Optical Components 
As indicated by equation 4.23 in chapter four, for each wavelength, the light 
leaving the grating is composed by main bean and set of secondary beams which are 
symmetrically distributed around the main. In order to illustrate this effect, the diffraction 
of a light beam with a wavelength of 250 nanometers is presented in Figure 6.2 and 
Figure 6.3. This diffraction was calculated using the optical configuration established in 
section 6.1, the model presented in chapter four and the computational implementation 
proposed in chapter five. 
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Figure 6.2: Diffraction of a Light Beam with a Wavelength of 250 Nanometers – 
Intensity Measured in a Linear Scale versus Position of the Diffracted Beams Measured 
in Centimeters 
 




















Figure 6.3: Diffraction of a Light Beam with a Wavelength of 250 Nanometers – 
Intensity Measured in a Logarithmic Scale versus Position of the Diffracted Beams 
Measured in Centimeters 
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The zero of the reference axis was set at the position of the photo-detector reached 
by the shortest wavelength that could be analyzed by the spectrometer. Figure 6.2 shows 
that, in a linear scale, the size of the secondary components are small compared to the 
main component. But, given that the calculations required for the absorption and 
transmission spectra are based on the logarithmic function7, the real impact of the 
secondary components can be appreciated analyzing Figure 6.3. Table 6.1 summarizes 
the most important features verifiable in figures from Figure 6.2 through Figure 6.5. 
Figure 6.4 and Figure 6.5 show the impact of the diffraction effect when the positions of 
the photo-detector array elements are mapped into their corresponding wavelengths. The 
corresponding wavelengths were calculated using equations 4.4 and 4.9 in chapter four. 
















Figure 6.4: Diffraction of a Light Beam with a Wavelength of 250 Nanometers – 
Intensity Measured in a Linear Scale versus Wavelength 
 
                                                          
7
 Chapter two describes why herein absorbance units are being used to measure transmission. 
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Figure 6.5: Diffraction of a Light Beam with a Wavelength of 250 Nanometers – 
Intensity Measured in a Logarithmic Scale versus Wavelength 
 
Table 6.1: Most Important Features of the Effect of the Diffraction Grating over a 



























































The effect of the diffraction features described above can be readily appreciated 
on the spectra measured with the Ocean Optics HR2000 spectrometer. Figure 6.6 shows 
the theoretical expected spectrum of 1.3 micron mono-disperse polystyrene particles 
compared to the spectrum obtained with the HR2000; the spectral features observed in 
the experimentally obtained spectrum that are not present in the theoretical spectrum can 
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be due to the light source, the suspending media or the sample itself. Herein those 
features are simulated using the set up presented in section 6.1, the reference shown in 
Figure 6.7 (which has a peak at 198 nanometers) and the theoretical spectrum shown in 
Figure 6.8. The results presented here are measured as explained in chapter two: 
 
Sample)  theof Spectrum(Log
Reference)  theof Spectrum(Log
   UnitsAbsorbancein  Spectrum Measured
10
10
=  (6.1) 
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Figure 6.6: Theoretical and Experimentally Obtained Spectra of 1.3 Micron Mono-
Disperse Polystyrene Particles 
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Figure 6.7: Spectrum of the Reference Used For Simulation Presented in Chapter Six 
 























Figure 6.8: Theoretical Spectrum of 1.3 Micron Mono-Disperse Polystyrene Particles 
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HR2000   
Simulated
 
Figure 6.9: Simulated and Experimentally Obtained Spectra of 1.3 Micron Mono-
Disperse Polystyrene Particles 
 
Figure 6.9 shows the effect of applying the model to the theoretical expected 
spectrum. Notice that the perturbations are located at the same positions that the spectral 
features of the spectrum obtained with the Ocean Optics HR2000. The following sections 
deal with the details of the effect caused bay each optical component. 
 
6.3.  Effect Caused by the Slit Size 
Figure 6.10 shows the absorption spectra generated by the simulation system for 
three different sizes of slits and keeping the other parameters constant at the values stated 
in section 6.1. Figure 6.11 shows the details for the interval from 300 nanometers to 600 
nanometers where the spectral features are discernible. Notice that smaller the slit, wider 
the shape of the effect. 
 53 

























Slit size: 100 micron
Slit size: 20 micron 
 
Figure 6.10: Effect Caused by Changes in the Slit Width 
 

























Slit size: 100 micron
Slit size: 20 micron 
 
Figure 6.11: Detail of the Effect Caused By Changes in the Slit Width 
 
6.4.  Effect Caused by the Distance between the Slit and the Grating 
With the optical parameters constant at the values indicated in section 6.1; and z1 
equal to 2.5 cm and 15 cm, the shape of the spectral features becomes wider and 
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shallower as z1 becomes larger. Figure 6.12 depicts the simulation results superimposed, 
and Figure 6.13 shows the detail for the interval from 300 nanometers to 600 nanometers. 
 

























Slit to Grating distance: 3.75 cm
Slit to Grating distance: 15 cm  
 
Figure 6.12: Effect Caused by Changes in the Distance between the Slit and the Grating 
 

























Slit to Grating distance: 3.75 cm
Slit to Grating distance: 15 cm  
 




6.5. Effect Caused by the Distance between the Grating and the Photo-Detector 
Array 
When z2 changes, two effects are generated in the spectrometer: first, the relation 
between the range of the wavelengths that can be analyzed by the spectrometer and the 
length of the photo-detector array changes; second, the width and depth of the shape of 
the distortion changes. Table 6.2 contains the length of the photo-detector array required 
for various grating-to-photo-detector distances; the grating used for these calculations is 
configured as per section 6.1. The changes in the size of the shape can be explained as 
per section 6.5, similarly to the effect of changing z1. The overall effect generated by the 
grating-to-photo-detector distance is shown in Figure 6.14, details of the effect are shown 
in Figure 6.15. 
 
Table 6.2: Relation between the Grating to Photo-detector Distance and the Photo-


























































Grating to Photodetector distance: 2.5 cm
Grating to Photodetector distance: 0.5 cm
 
Figure 6.14: Effect Caused by Changes in the Distance between the Grating and the 
Photo-Detector Array 
 

























Grating to Photodetector distance: 2.5 cm
Grating to Photodetector distance: 0.5 cm
 
Figure 6.15: Detail of the Effect Caused by Changes in the Distance between the Grating 
and the Photo-Detector Array 
 
6.6.  Effect Caused by the Grating Configuration 
The effect of the grating has been approached considering each one of the 
parameters of the grating: the slope of the reflective surface of each groove, indicated by 
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the variable C in the model, affects the size of the photo-detector array required to 
analyze a given wavelength interval, as indicated in Table 6.3; C also affects the 
diffraction pattern as shown in Figure 6.16 and Figure 6.17. 
 
Table 6.3: Relation between the Slope of the Reflective Surface of the Grating and the 
Size of the Photo-detector Array 
Angle of the 









































Angle of the slope: 3/40 pi radians
Angle of the slope: 1/4 pi radians 
 
Figure 6.16: Effect Caused by Changes in the Angle the Slope of the Reflective Surface 
of Each Groove in the Grating 
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Angle of the slope: 3/40 pi radians
Angle of the slope: 1/4 pi radians 
 
Figure 6.17: Detail of the Effect Caused by Changes in the Angle of the Slope of the 
Reflective Surface of Each One of the Grooves in the Grating 
 
The size of the each one of the grooves in the grating, indicated by d in the model, 
affects the location of the secondary components of the diffraction; the effect cause by d 
is shown in Figure 6.18 and Figure 6.19; for illustrative purposes, the parameter C was 
set to 45 degrees to generate the results shown in those figures. The parameter d also 
affects the length of the photo-detector array required to analyze a given wavelength 
interval, this relation is indicated in Table 6.4. 
 
Table 6.4: Relation between the Size of Each One of the Grooves in the Grating and 
the Size of the Photo-Detector Array 
Size of the Groove  Size of the Photodetector Array 
1/300 mm = 3.33333 microns 
1/600 mm = 1.66667 microns 































300 grooves per mm
600 grooves per mm
 
Figure 6.18: Effect Caused by Changes in the Size of Each One of the Grooves in the 
Grating 
 

























300 grooves per mm
600 grooves per mm
 
Figure 6.19: Detail of the Effect Caused by Changes in the Size of Each One of the 
Grooves in the Grating 
 
The size of the reflective surface of each one of the grooves in the grating, 
indicate by w in the model, affects the intensity of the main and secondary components of 
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the diffraction; which generates major spectral features in the absorption spectra as w/d 
becomes smaller; Figure 6.20 and Figure 6.21, and illustrate the effect. 

























w/d = 0.9  
w/d = 0.999
 
Figure 6.20: Effect Caused by Changes in the Size of the Reflective Surface of Each One 
of the Grooves in the Grating 
 

























w/d = 0.9  
w/d = 0.999
 
Figure 6.21: Detail of the Effect Caused by Changes in the Size of the Reflective Surface 





7. COMPENSATION OF INSTRUMENTAL EFFECTS IN SPECTROSCOPY 
SYSTEMS 
 
Chapter six describes an approach for analyzing and designing the fundamental 
features of the optical bench of a spectrometer. This chapter describes an algorithm for 
compensating the effects caused by a spectroscopy instrument. This algorithm is based on 
the assumption, made after the results presented in chapter six, that the effects generated 
by a given spectrometer can be replicated. This replication ability is applied to remove 
some specific features, as are the spurious peaks remarkably present in some observed 
spectra, as stated in the introductory chapter. 
Current spectral correction methods are approached based on deconvolution 
methods, as indicated in Figure 7.1. The approach presented in this chapter is 
summarized in Figure 7.2. 
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Figure 7.1: Current Approach for Spectral Compensation 
 
 
Figure 7.2: New Approach for Compensation of Spectral Features 
 
The algorithm summarized in Figure 7.2 is explained in detail in the following 
sections. The example is illustrated using the theoretical spectra of polystyrene particles 
with an average size of 1.3 microns. The theoretical expected output and the simulation 
result considering the perturbation caused by the peaks that will be use to illustrate the 
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algorithm presented in this chapter are shown in Figure 7.3. The absorption spectrum is 









A =  (7.1) 
The algorithm proposed in this chapter deals with the reduction of the effects 
present in Sreference and Ssample; the variables containing the processed spectra will be 
named SC_reference and SC_sample, respectively. These new spectra will be used to calculate a 
new version of the absorption, AC, for which the effect of the light peaks has been 
reduced. 
 
Figure 7.3: Description of the Process Applied to Calculated the Spectra of 1.3 Micron 
Mono-Disperse Polystyrene Particles 
 
7.1. Identify the Parameters of the Simplified Spectrometer Model 
The parameters of the theoretical system used for this simulation are the 
following: 
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• Slit aperture width (a): 100 microns 
• Focal distance from the slit to the grating (z1): 3.75 centimeters 
• Grating groove size (d): (1/300) millimeters 
• Grating angle (C): 13.45 degrees 
• Grating reflecting surface size (w): 0.95d 
• Focal distance from the grating to the photo-detector array (z2): 2.5 
centimeters 
• Photo-detector array length: 2.54 centimeters; number of photo-detector array 
elements: 1024 
• The spectral response of the photo-detector array is shown in Figure 7.4 
• The total noise of the system can be modeled as per the equations presented in 
chapter two. In order to reduce the noise, the Central Limit Theorem [15] has 
been applied using 10000 samples 
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Figure 7.4: Theoretical Spectral Response of the Photodiodes Used for the Simulation 
Presented in Chapter Seven 
 
7.2. Identify the Wavelength(s) of the Beam(s) Causing the Peaks 
For illustrative purposes the results presented in this chapter has been calculated 
using the theoretical reference whose spectrum is shown in Figure 7.5, this spectrum has 
two peaks, one located at 210 nanometers, and other located at 325 nanometers. 
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Figure 7.5: Spectrum of the Reference Used for Simulation Presented in Chapter Seven 
 
7.3. Calculate the Simulated Diffraction of the Beam(s) Causing the Peaks 
Figure 7.6 and Figure 7.7 show the diffraction generated by a beam with a 
wavelength of 210 nanometers. Figure 7.6 shows the diffraction in linear scale and Figure 
7.7 shows the diffraction in logarithmic scale. Figure 7.8 and Figure 7.9 show the 
diffraction generated by a beam with a wavelength of 325 nanometers. 
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Figure 7.6: Diffraction Generated by a Beam with a Wavelength of 210 Nanometers 
 







































Figure 7.8: Diffraction Generated by a Beam with a Wavelength of 325 Nanometers 
 
























7.4. Estimate the Effect of the Simulated Diffraction on the Spectrum Being 
Compensated 
In order to estimate the effect of the simulated diffraction, the moving average of 
the logarithm of the output generated by each peak is calculated and it is used as a 
threshold. A window size of 21 data was used to calculate the threshold depicted by the 
black curve in the figure on the left side of Figure 7.10. The threshold values are 
subtracted from the spectrum. The spectral points associated to a negative subtraction 
result are included in a set that is used for interpolation. The points selected for 
interpolation are represented with black dots in the figure on the right side of Figure 7.10. 
 
 
Figure 7.10: Selection of Points Used for Interpolation 
 
The curves in black in Figure 7.11 and Figure 7.12 represent the result of 
interpolating the reference and sample spectra using the wavelengths selected as 
indicated in the paragraph above, and the gray curves represent the result of a simulation 
of the spectra measured by the photo-detector array. Figure 7.11 shows the spectra of the 
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reference used for simulation. Figure 7.12 shows the spectra of the sample used for 
simulation. 

















All Values                           
Threshold: diffraction 210 nanometers
 
Figure 7.11: Threshold Applied to the Spectrum of the Reference Used for the Simulation 
 


















All Values                           
Threshold: diffraction 210 nanometers
 




Figure 7.13: Spectra in Logarithmic and Linear Scale 
 
Figure 7.13 shows the spectrum of the reference in logarithmic and linear scale. 
An initial approximation to the peaks to be removed is obtained after subtracting the 
interpolated spectrum in linear scale, in black on the right side in Figure 7.13, from the 
simulated photo-detector measurement in linear scale, in gray on the right side in Figure 
7.13. Figure 7.14 depicts the procedure and shows the result of the subtraction for the 
spectrum of the reference.  
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Figure 7.14: Estimation of the Diffraction Generated by a Beam with a Wavelength of 
325 Nanometers: Subtraction Result 
 
7.5. Subtract the Effect from the Spectrum Being Compensated 
The spectral features are subtracted from the reference spectrum using a scaled 
version of the diffraction shown in Figure 7.6. This diffraction is scaled using the 
estimations shown in Figure 7.14. Figure 7.15 depicts the procedure and shows the result 
of estimating the peaks that have to be removed from the spectrum of the reference. 
Figure 7.16 depicts how the estimated peaks are removed from the spectrum of the 
reference. The spectrum of the sample is compensated using the same procedure. Figure 
7.17 shows the absorption spectrum affected by the peaks and the absorption spectrum 




Figure 7.15: Estimation of the Diffraction Generated by a Beam with a Wavelength of 
325 Nanometers: Estimated Peaks 
 
 
Figure 7.16: Spectrum Compensated Subtracting the Estimated Peaks 
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The simplification of the diffraction grating model enables an elaboration of the 
general spectrometer model with two important characteristics: first, facilitates the 
analysis of the effect of the optical parameters of the spectrometer on the spectra 
readings; second, allows a computational efficient implementation of the model of the 
spectrometer for simulation purposes. 
The simplified model of the spectrometer presented in this dissertation predicts 
the instrumental effects detected in the spectra of polystyrene particles used for 
calibration. Considering the parameters included in the model, the instrumental effects 
can be replicated meaning that the model and its computational implementation can be 
used for design purposes. 
The spectral features due to the peaks generated by the diffraction of a light beam 
can be reduced applying an algorithm based on the simplified model of the spectrometer. 
The model allows calculating the effect of a given light beam, which is non-linear, and, 





This dissertation proposed a method to analyze the critical parameters related to 
the optical and electronic components of spectroscopy systems, and to study the impact 
of these parameters in the total performance of the system. A tool modeling the 
interaction of the elements of the spectroscopy system is presented. The methods 
developed in this dissertation enable the study of the interactions between the 
components of the spectrometer and the design and optimization of spectrometer systems 
for specific applications. A methodology for applying the information from the 
instrumental effects to correct the spectrum of a given solution is presented. 
 
8.3. Recommendations and Future Work 
Future work that can be developed based on the outcomes of this research 
regarding the possibility to generate databases containing instrument-independent 
spectra. These types of spectra, which are affected only by the optical effects due to the 
particles, can be used to develop correlation-based particle identification algorithms. The 
simplified model can be easily adapted to fit several optical configurations and to test 
spectrometer components such as types of photo-detectors, and diffraction technologies 
(i.e. prisms, holographic gratings, curved gratings). Further work can be done on the 
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Appendix A: Spectra of Mono-Disperse Polystyrene Particles Used for Calibration 
 
Figure A.1 shows the spectra of samples of 1 micron mono-disperse polystyrene 
particles suspended in de-ionized water. These spectra were obtained with the Agilent 
8453 and the Ocean Optics HR2000. A higher concentration of polystyrene particles 
suspended in the de-ionized water implies a larger maximum value of the spectrum. The 
concentrations used to obtain the spectra shown in Figure A.1 are: higher concentration 
1:250, medium concentration 1:500, and smaller concentration 1:1000. Figure A.2 shows 
the spectra obtained with the Ocean Optics HR2000 and the Ocean Optics USB2000. 
Figure A.3 shows the spectra obtained with the Agilent 8453 and the Perkin-Elmer 
Lambda 900. Figure A.4 shows the theoretical expected spectrum compared to the 
spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.1: Spectra of 1 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics HR2000 and Agilent 8453 
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Appendix A: (Continued) 
 


























Figure A.2: Spectra of 1 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics USB2000 and Ocean Optics HR2000 
 























Agilent     
Perkin-Elmer
 
Figure A.3: Spectra of 1 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Agilent 8453 and Perkin-Elmer Lambda 900 
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Appendix A: (Continued) 
 























Theoretical   
 
Figure A.4: Spectra of 1 Micron Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.5 shows the spectra of samples of 40 nanometers mono-disperse 
polystyrene particles suspended in de-ionized water. These spectra were obtained with 
the Agilent 8453 and the Ocean Optics HR2000. A higher concentration of polystyrene 
particles suspended in the de-ionized water implies a larger maximum value of the 
spectrum. The concentrations used to obtain the spectra shown in Figure A.5 are: 1:50, 
1:100, 1:500 and 1:1000. Figure A.6 shows the spectra obtained with the Ocean Optics 
HR2000 and the Ocean Optics USB2000. Figure A.7 shows the theoretical expected 
spectrum compared to the spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.5: Spectra of 40 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics HR2000 and Agilent 8453 
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Appendix A: (Continued) 
























Figure A.6: Spectra of 40 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.7: Spectra of 40 Nanometers Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.8 shows the spectra of samples of 150 nanometers mono-disperse 
polystyrene particles suspended in de-ionized water. These spectra were obtained with 
the Agilent 8453 and the Ocean Optics HR2000. A higher concentration of polystyrene 
particles suspended in the de-ionized water implies a larger maximum value of the 
spectrum. The concentrations used to obtain the spectra shown in Figure A.8 are: 1:500 
and 1:1000. Figure A.9 shows the spectra obtained with the Ocean Optics HR2000 and 
the Ocean Optics USB2000. Figure A.10 shows the theoretical expected spectrum 
compared to the spectra obtained with the spectrophotometer Agilent 8453. 





















HR2000      
Agilent 8453
 
Figure A.8: Spectra of 150 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics HR2000 and Agilent 8453 
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Appendix A: (Continued) 
 




























Figure A.9: Spectra of 150 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.10: Spectra of 150 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrum Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.11 shows the spectra of samples of 500 nanometers mono-disperse 
polystyrene particles suspended in de-ionized water. These spectra were obtained with 
the Agilent 8453 and the Ocean Optics HR2000. A higher concentration of polystyrene 
particles suspended in the de-ionized water implies a larger maximum value of the 
spectrum. The concentrations used to obtain the spectra shown in Figure A.11 are: 1:500 
and 1:1000. Figure A.12 shows the spectra obtained with the Ocean Optics HR2000 and 
the Ocean Optics USB2000. Figure A.13 shows the theoretical expected spectrum 
compared to the spectra obtained with the spectrophotometer Agilent 8453. 

























HR2000      
Agilent 8453
 
Figure A.11: Spectra of 500 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics HR2000 and Agilent 8453 
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Appendix A: (Continued) 
 




























Figure A.12: Spectra of 500 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.13: Spectra of 500 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrum Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.14 shows the spectra of samples of 700 nanometers mono-disperse 
polystyrene particles suspended in de-ionized water. These spectra were obtained with 
the Agilent 8453 and the Ocean Optics HR2000. A higher concentration of polystyrene 
particles suspended in the de-ionized water implies a larger maximum value of the 
spectrum. The concentrations used to obtain the spectra shown in Figure A.14 are: 1:500 
and 1:1000. Figure A.15 shows the spectra obtained with the Ocean Optics HR2000 and 
the Ocean Optics USB2000. Figure A.16 shows the theoretical expected spectrum 
compared to the spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.14: Spectra of 700 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics HR2000 and Agilent 8453 
 
 90 
Appendix A: (Continued) 
 


























Figure A.15: Spectra of 700 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrometers Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.16: Spectra of 700 Nanometers Mono-Disperse Polystyrene Particles – 
Spectrum Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.17 shows the spectra of samples of 1.3 micron mono-disperse 
polystyrene particles suspended in de-ionized water. These spectra were obtained with 
the Agilent 8453 and the Ocean Optics HR2000. A higher concentration of polystyrene 
particles suspended in the de-ionized water implies a larger maximum value of the 
spectrum. The concentrations used to obtain the spectra shown in Figure A.17 are: 1:100, 
1:175 and 1:250. Figure A.18 shows the spectra obtained with the Ocean Optics HR2000 
and the Ocean Optics USB2000. Figure A.19 shows the spectra obtained with the Agilent 
8453 and the Perkin-Elmer Lambda 900. Figure A.20 shows the theoretical expected 
spectrum compared to the spectra obtained with the spectrophotometer Agilent 8453. 























HR2000      
Agilent 8453
 
Figure A.17: Spectra of 1.3 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics HR2000 and Agilent 8453 
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Appendix A: (Continued) 
 


























Figure A.18: Spectra of 1.3 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.19: Spectra of 1.3 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Agilent 8453 and Perkin-Elmer Lambda 900 
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Appendix A: (Continued) 
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Figure A.20: Spectra of 1.3 Micron Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.21 shows the spectra of samples of 2 micron mono-disperse polystyrene 
particles suspended in de-ionized water. These spectra were obtained with the Agilent 
8453 and the Ocean Optics HR2000. A higher concentration of polystyrene particles 
suspended in the de-ionized water implies a larger maximum value of the spectrum. The 
concentrations used to obtain the spectra shown in Figure A.21 are: 1:50, 1:75 and 1:100. 
Figure A.22 shows the spectra obtained with the Ocean Optics HR2000 and the Ocean 
Optics USB2000. Figure A.23 shows the spectra obtained with the Agilent 8453 and the 
Perkin-Elmer Lambda 900. Figure A.24 shows the theoretical expected spectrum 
compared to the spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.21: Spectra of 2 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics HR2000 and Agilent 8453 
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Figure A.22: Spectra of 2 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.23: Spectra of 2 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Agilent 8453 and Perkin-Elmer Lambda 900 
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Figure A.24: Spectra of 2 Micron Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.25 shows the spectra of samples of 4 micron mono-disperse polystyrene 
particles suspended in de-ionized water. These spectra were obtained with the Agilent 
8453 and the Ocean Optics HR2000. A higher concentration of polystyrene particles 
suspended in the de-ionized water implies a larger maximum value of the spectrum. The 
concentrations used to obtain the spectra shown in Figure A.25 are: 1:10, 1:25 and 1:50. 
Figure A.26 shows the spectra obtained with the Ocean Optics HR2000 and the Ocean 
Optics USB2000. Figure A.27 shows the spectra obtained with the Agilent 8453 and the 
Perkin-Elmer Lambda 900. Figure A.28 shows the theoretical expected spectrum 
compared to the spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.25: Spectra of 4 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics HR2000 and Agilent 8453 
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Figure A.26: Spectra of 4 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.27: Spectra of 4 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Agilent 8453 and Perkin-Elmer Lambda 900 
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Figure A.28: Spectra of 4 Micron Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Figure A.29 shows the spectra of samples of 9 micron mono-disperse polystyrene 
particles suspended in de-ionized water. These spectra were obtained with the Agilent 
8453 and the Ocean Optics HR2000. A higher concentration of polystyrene particles 
suspended in the de-ionized water implies a larger maximum value of the spectrum. The 
concentrations used to obtain the spectra shown in Figure A.29 are: 1:5 and 1:10. Figure 
A.30 shows the spectra obtained with the Ocean Optics HR2000 and the Ocean Optics 
USB2000. Figure A.31 shows the spectra obtained with the Agilent 8453 and the Perkin-
Elmer Lambda 900. Figure A.32 shows the theoretical expected spectrum compared to 
the spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.29: Spectra of 9 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics HR2000 and Agilent 8453 
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Figure A.30: Spectra of 9 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics USB2000 and Ocean Optics HR2000 
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Figure A.31: Spectra of 9 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Agilent 8453 and Perkin-Elmer Lambda 900 
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Figure A.32: Spectra of 9 Micron Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix A: (Continued) 
 
Figure A.33 shows the spectra of samples of 15 micron mono-disperse 
polystyrene particles suspended in de-ionized water. These spectra were obtained with 
the Agilent 8453 and the Ocean Optics HR2000. A higher concentration of polystyrene 
particles suspended in the de-ionized water implies a larger maximum value of the 
spectrum. The concentrations used to obtain the spectra shown in Figure A.33 are: 1:2, 
1:3 and 1:5. Figure A.34 shows the spectra obtained with the Ocean Optics HR2000 and 
the Ocean Optics USB2000. Figure A.35 shows the theoretical expected spectrum 
compared to the spectra obtained with the spectrophotometer Agilent 8453. 
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Figure A.33: Spectra of 15 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics HR2000 and Agilent 8453 
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Figure A.34: Spectra of 15 Micron Mono-Disperse Polystyrene Particles – Spectrometers 
Ocean Optics USB2000 and Ocean Optics HR2000 
 























Figure A.35: Spectra of 15 Micron Mono-Disperse Polystyrene Particles – Spectrum 
Observed with the Spectrometers Agilent 8453 and Theoretical Spectrum 
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Appendix B: Simulation of the Model of the Spectrophotometer 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Simulation of a Miniaturized Spectrometer 
% by Eduardo Zurek 
% Department of Electrical Engineering 
% University of South Florida 
% Summer 2006 
% %%%%%%%%%%%%%%%%%%%% 
% This program is based on the model and computational 
% implementation presented on chapters 5 and 6 of the 
% Ph.D. Dissertation: 
% "System Optimization of Micron and Sub-Micron 
%   Particle Identification Using 
%   Spectroscopy Based Techniques" 
% Author: Eduardo Zurek 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
close all;clear all;clc;pause(0.1);disp('Working ...');tic; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Files used for calibration 
fnames = {'p40nm50','p40nm100','p40nm500','p40nm1000',... 
        'p150nm500','p150nm1000',... 
        'p500nm500','p500nm1000',... 
        'p700nm250','p700nm500','p700nm1000',... 
        'p1um250','p1um500',... 
        'p1_3um100','p1_3um175','p1_3um250',... 
        'p2um50','p2um75','p2um100',... 
        'p4um10','p4um25','p4um50',... 
        'p9um5','p9um10',... 




Appendix B: (Continued) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Loading the files containg the theoretical expected 
% spectrum used for the simulation 
file_ezv = 2; 
if file_ezv == 1 
    load p700; 
    th_wav = p700(:,1)'; 
    th_data = p700(:,2)'; 
    index_fnames = 11; 
elseif file_ezv == 2 
    load p1300; % p1300.mat has to be previously created 
                        % and it has to contain the data presented in table 6 
    th_wav = p1300(:,1)'; 
    th_data = p1300(:,2)'; 
    index_fnames = 14; 
else 
    load p2000; 
    th_wav = p2000(:,1)'; 
    th_data = p2000(:,2)'; 





% Loading the files containing the spectra obtained with 
% the Ocean Optics HR2000 
HR_fname    = [char(fnames(index_fnames)),'hr.txt']; 
                                         % The file used for this example is: 'p1_3um100hr.txt', 
                                         % its contents are presented in table 7 
HR_temp  = load(HR_fname); 
HR_wav = HR_temp(:,1)'; 
HR_data = HR_temp(:,2)'; 
HR_raw_index = HR_wav>=190 & HR_wav<=900; 
HR1_wav = HR_wav(HR_raw_index); 




Appendix B: (Continued) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Loading the files containing the spectra obtained with 
% the Ocean Optics USB2000 
USB_fname  = [char(fnames(index_fnames)),'usb.txt']; 
USB_temp  = load(USB_fname); 
USB_wav = USB_temp(:,1)'; 
USB_data = USB_temp(:,2)'; 
USB_raw_index = USB_wav>=190 & USB_wav<=900; 
USB1_wav = USB_wav(USB_raw_index); 




% Theoretical spectrum of the light source used for the 
% simulation 
% light source: d2000spectra 
%pw = [375, 150, 175, 375, 700, 1100, 1450, 1600]; 
% light source: dtminispectra 
pw = [140, 50, 20, 20, 40, 75, 120, 180]; 
pw = pw/max(pw); 
wav1 = [2:9]*100; 




% Light source's peaks 
wav2 = [200]; 





% Theoretical reference spectrum 
nth = length(th_light)-1; 
kth = 0.9; 




% Theoretical sample spectrum 
th_sample = th_reference.*(10.^(-th_data)); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix B: (Continued) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Spectral response of photodiode 
wav3 = (th_wav-200)/700; 
y = (wav3-0.7).^2; 
y = y/max(y)*0.75; 
y = 1-y; 
y2 = y-min(y); 
y2 = y2/max(y2); 
y2 = y2.*sin(1./(1+7*wav3)*15*pi); 
th_ph = 5*y+y2; 




% Optical configuration 
% Grating's configuration 
grooves_mm = 300; % number of grroves per millimeter 
m = 1; % diffraction order 
L = 3e-2; % Grating's length 
l = L*1000*grooves_mm; % total number of grating's grooves 
% As per the simplification proposed in Chapter 5 
% the total number of grating's grooves has been set to 
% infinity 
d = 1e-3/grooves_mm; % size of the grating's groove 
w = 0.9*d; % size of the reflective surface of each groove 
C = 13.45/360*2*pi; % slope of the reflective surface of 
                                  % groove 
alpha = 5*pi/180; % light's incidence angle 
wav_min = 200*1e-9; % minimun wavelength incident on the 
                                     % grating's surface 
beta0 = -2*acos(m*wav_min/(2*d*sin(C)))+alpha;% minimum 
                                     % diffraction angle 
a = 100e-6; % slit size 
% Other possible values for a are: 
% 5e-6, 10e-6, 25e-6, 50e-6, 100e-6, 200e-6 
z1 = 2e-2; % distance from the slit to the grating 
z2 = 3e-2; % distance from the grating to the 
                 % photodetector array 
N = 1024; % Number of elements of the photodetector array 




Appendix B: (Continued) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Calculating the grating's diffraction angles 
% and the minimun required photodetector array length 
wav_arr = th_wav*1e-9; 
beta1 = -2*acos(m*wav_arr/(2*d*sin(C)))+alpha; 
s_shift_angle = beta1-beta0; 
s_max = z2*max(s_shift_angle); 





% Central Limit Theorem 
% the following variable is required to estimate the noise related 
% to the spectra obtained with this model 
% Number of samples to average 




% The array s represents the photodetector array  surface 
s_min = 0; 
n = 4*N+1; 




% Simplified Grating's model 
nmax = floor(d/wav_arr(1)); 




% Parameters for the numerical integration 
% using the Boole's rule 
delta_s = s(2)-s(1); 
delta_wav = wav_arr(2) - wav_arr(1); 
i2 = [0:4]; 
boole1 = (4/90)*delta_s*[7;32;12;32;7]; 
boole2 = zeros(1,5); 
i_boole = [0:4]; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix B: (Continued) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Process to calculate the spectrometer's output 
L_input = th_reference; 
ph_t = zeros(1,N); 
C_ph_approx = zeros(1,N); 
n_wav = length(wav_arr); 
for i1 = 1:n_wav, 
    wav1 = wav_arr(i1); 
    n_grating = floor(d/wav1); 
    s_sht = z2*s_shift_angle(i1); 
    s_shift = s-s_sht; % s,s_shift: 1x(4N+1) 
    y = zeros(size(s)); % y: 1x(4N+1) 
    for k = -n_grating:n_grating, 
        s_k = z2*wav1*k/sqrt(d*d-(wav1*k)*(wav1*k)); 
        s_grating = s_shift-s_k;% s_grating,s_shift: 1x(4N+1) 
        i2 = nmax - k +1; 
        y = y +... 
            sinc2k(i2)*... 
            sinc(a*s_grating./(wav1*sqrt(s_grating.*s_grating+z1*z1))).^2; 
    end 
    y = a*y*L_input(i1)/(2*wav1*z1); 
    y = (y.*th_ph(i1)).^ph_nonlin; 
    for k =0:N-1, 
        boole2 = y(4*k+1+i_boole); 
        ph_t(k+1) = boole2*boole1; 
    end 
    C_ph_approx = C_ph_approx + ph_t*delta_wav; 
end 
% Adding noise 
max_out = max(C_ph_approx); 
C_ph_approx = C_ph_approx/max_out*3500; 
var1 = 0.12345*C_ph_approx.^0.86949/n_samples_avg; 
delta_C_ph = sqrt(var1).*randn(size(var1)); 
C_ph_approx = C_ph_approx + delta_C_ph; 
C_ph_approx(C_ph_approx<=0)=realmin; 
C_ph_approx = C_ph_approx*max_out/3500; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
C_ph_reference = C_ph_approx; 
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Appendix B: (Continued) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Process to calculate the spectrometer's output 
L_input = th_sample; 
ph_t = zeros(1,N); 
C_ph_approx = zeros(1,N); 
n_wav = length(wav_arr); 
for i1 = 1:n_wav, 
    wav1 = wav_arr(i1); 
    n_grating = floor(d/wav1); 
    s_sht = z2*s_shift_angle(i1); 
    s_shift = s-s_sht; % s,s_shift: 1x(4N+1) 
    y = zeros(size(s)); % y: 1x(4N+1) 
    for k = -n_grating:n_grating, 
        s_k = z2*wav1*k/sqrt(d*d-(wav1*k)*(wav1*k)); 
        s_grating = s_shift-s_k;% s_grating,s_shift: 1x(4N+1) 
        i2 = nmax - k +1; 
        y = y +... 
            sinc2k(i2)*... 
            sinc(a*s_grating./(wav1*sqrt(s_grating.*s_grating+z1*z1))).^2; 
    end 
    y = a*y*L_input(i1)/(2*wav1*z1); 
    y = (y.*th_ph(i1)).^ph_nonlin; 
    for k =0:N-1, 
        boole2 = y(4*k+1+i_boole); 
        ph_t(k+1) = boole2*boole1; 
    end 
    C_ph_approx = C_ph_approx + ph_t*delta_wav; 
end 
% Adding noise 
max_out = max(C_ph_approx); 
C_ph_approx = C_ph_approx/max_out*3500; 
var1 = 0.12345*C_ph_approx.^0.86949/n_samples_avg; 
delta_C_ph = sqrt(var1).*randn(size(var1)); 
C_ph_approx = C_ph_approx + delta_C_ph; 
C_ph_approx(C_ph_approx<=0)=realmin; 
C_ph_approx = C_ph_approx*max_out/3500; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
C_ph_sample = C_ph_approx; 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Calculating the Absorption spectrum of the sample 
% based on the spectrometer output: 
abs_out = log10(C_ph_reference./C_ph_sample); 
na = 3; 
abs_out = conv(ones(1,na)/na,abs_out); 
abs_out =abs_out([2:N+1]); 
% Relating the photodetector array positions 
% to the equivalent wavelengths: 








% Plotting the results 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
m1 = colormap(gray); % m1 size is 64x3 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Figure 1 shows the simulation output 
% compared to the spectrum obtained with the HR2000 
ind1 = HR1_wav>=210 & HR1_wav<=900; 
ind2 = wavs*1e9>=210 & wavs*1e9<=900; 
me1 = mean(HR1_data(HR1_wav>=210 & HR1_wav<=800)); 
me2 = mean(abs_out(wavs*1e9>=210 & wavs*1e9<=800)); 
figure(1) 
plot(HR1_wav(ind1),HR1_data(ind1),... 
    'LineWidth',1,'Color',m1(1,:)) 
hold on 
plot(wavs(ind2)*1e9,abs_out(ind2)/me2*me1,... 
    'LineWidth',1,'Color',m1(40,:)) 
legend('HR2000','Simulated') 
xlabel('Wavelength (nanometers)') 
ylabel('OD (Absorption units)') 
title('HR2000 and Simulated Spectra') 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Figure 2 shows the simulation output 
% compared to the spectrum obtained with the USB2000 
ind1 = USB1_wav>=210 & USB1_wav<=900; 
ind2 = wavs*1e9>=210 & wavs*1e9<=900; 
me1 = mean(USB1_data(USB1_wav>=210 & USB1_wav<=800)); 
me2 = mean(abs_out(wavs*1e9>=210 & wavs*1e9<=800)); 
figure(2) 
plot(USB1_wav(ind1),USB1_data(ind1),... 
    'LineWidth',1,'Color',m1(1,:)) 
hold on 
plot(wavs(ind2)*1e9,abs_out(ind2)/me2*me1,... 
    'LineWidth',1,'Color',m1(40,:)) 
legend('USB2000','Simulated') 
xlabel('Wavelength (nanometers)') 
ylabel('OD (Absorption units)') 




% Figure 3 shows the simulation output 
% compared to the theoretical expected spectrum 
ind1 = th_wav>=210 & th_wav<=900; 
ind2 = wavs*1e9>=210 & wavs*1e9<=900; 
me1 = mean(th_data(th_wav>=210 & th_wav<=800)); 
me2 = mean(abs_out(wavs*1e9>=210 & wavs*1e9<=800)); 
figure(3) 
plot(th_wav(ind1),th_data(ind1),... 
    'LineWidth',1,'Color',m1(1,:)) 
hold on 
plot(wavs(ind2)*1e9,abs_out(ind2)/me2*me1,... 
    'LineWidth',1,'Color',m1(40,:)) 
legend('Theoretical','Simulated') 
xlabel('Wavelength (nanometers)') 
ylabel('OD (Absorption units)') 
title('Theoretical and Simulated Spectra') 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix B: (Continued) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Figure 4 shows the theoretical spectrum of the light source 
% with a peaks at 200 nanometers 
figure(4) 
plot(th_wav,th_light,'LineWidth',2,'Color',m1(1,:)) 
axis([190 910 0 1.1]) 
xlabel('Wavelength (nm)') 
ylabel('Intensity') 







Appendix B: (Continued) 
 
Table B.1: Theoretical Spectrum Used for the Simulation 




































































































































































































































































































































































































































































































































































































































































Appendix B: (Continued) 
 
Table B.2: Spectrum Obtained with the Ocean Optics HR2000 


















































































































































































































































































































































































































































































































































































































































































































































Appendix B: (Continued) 
 
Table B.2: (Continued) 


















































































































































































































































































































































































































































































































































































































































































































































Appendix B: (Continued) 
 
Table B.2: (Continued) 
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